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Mechanical Properties of Neuronal Growth Cone Membranes Studied by
Tether Formation with Laser Optical Tweezers

Jianwu Dai and Michael P. Sheetz
Department of Cell Biology, Duke University Medical Center, Durham, North Carolina 27710 USA

ABSTRACT Many cell phenomena involve major morphological changes, particularly in mitosis and the process of cell mi-
gration. For cells or neuronal growth cones to migrate, they must extend the leading edge of the plasma membrane as a
lamellipodium or filopodium. During extension of filopodia, membrane must move across the surface creating shear and flow.
Intracellular biochemical processes driving extension must work against the membrane mechanical properties, but the forces
required to extend growth cones have not been measured. In this paper, laser optical tweezers and a nanometer-level analysis
system were used to measure the neuronal growth cone membrane mechanical properties through the extension of filopodia-like
tethers with IgG-coated beads. Although the probability of a bead attaching to the membrane was constant irrespective of
treatment; the probability of forming a tether with a constant force increased dramatically with cytochalasin B or D and dim-
ethylsulfoxide (DMSO). These are treatments that alter the organization of the actin cytoskeleton. The force required to hold
a tether at zero velocity (FO) was greater than forces generated by single molecular motors, kinesin and myosin; and Fo decreased
with cytochalasin B or D and DMSO in correlation with the changes in the probability of tether formation. The force of the tether
on the bead increased linearly with the velocity of tether elongation. From the dependency of tether force on velocity of tether
formation, we calculated a parameter related to membrane viscosity, which decreased with cytochalasin B or D, ATP depletion,
nocodazole, and DMSO. These results indicate that the actin cytoskeleton affects the membrane mechanical properties, in-
cluding the force required for membrane extension and the viscoelastic behavior.

INTRODUCTION

Cell migration is an important component of metastasis, in-
vasion, the immune response, and development. During mi-
gration, the plasma membrane is distorted by the mechanical
forces of the motility process (Vasiliev, 1985; Trinkaus,
1985). The role of the membrane is largely passive in re-
sponding to cytoskeletal deformations (Sheetz, 1993), al-
though previously an active role through a membrane flow
had been postulated (Bretscher, 1989). In the case of growth
cone migration, the axon must elongate, increasing the
plasma membrane area dramatically (Popov et al., 1993).
Even if the membrane is passive, the growth cone must work
against the load that membrane distortion produces. Conse-
quently, the mechanical properties of the cell membranes
contribute to the cell deformability and movement. Under-
standing the mechanical properties of growth cone mem-
branes will help us better understand cell migration at a fun-
damental level.

Several experimental methods have been used to inves-
tigate mechanical properties of cell membranes (Hochmuth
et al., 1973; Evans and Skalak, 1979; Pasternak and Elson,
1982; Bray et al., 1986; Bo and Waugh, 1987). Using these
methods, the mechanical properties of liposomes, sea urchin
eggs, erythrocytes, and lymphocytes have been studied.
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However, they are applicable mainly to suspension cells and
are inapplicable to cells with complex cell structure such as
neuronal cells. The interpretation of the membrane contri-
bution in many such measurements is complicated by the fact
that the cytoskeleton is also deformed in a major way. To
circumvent the direct cytoskeletal contribution, membranous
tethers lacking a continuous cytoskeleton have been studied
in erythrocytes and pure lipid bilayers. From these studies,
the static and dynamic components of the membrane me-
chanical properties were determined. The static tension on
tethers contains contributions from the in-plane tension
(Hochmuth and Evans, 1982a; Waugh, 1982a) and the bend-
ing stiffness of the bilayer, which is highly curved in the
tethers (Waugh and Hochmuth, 1987). When tethers are
elongated, a viscous force is introduced that contains con-
tributions from the membrane viscosity and the interbilayer
shear as the lipids flow onto the tether. The fluid nature of
such tethers indicates that they are largely membranous, and
the absence of spectrin or actin in erythrocyte tethers has
shown that even the membrane skeleton is depleted (Berk
and Hochmuth, 1992). Nevertheless, cytoskeleton can in-
fluence the formation of tethers as evidenced by the differ-
ences between erythrocytes and pure lipid vesicles. Perhaps
even the tether mechanical properties would be modified by
alterations of the cytoskeleton.

In motile cells and particularly in the forward portion of
migrating cells, actin filament assembly and disassembly is
intimately tied to motility (reviewed in Sheetz, 1994;
Zigmond, 1993; Cooper, 1991). Further, actin and actin-
binding proteins such as spectrin are closely associated with
plasma membranes in virtually all cells, including neurons
(Bennett, 1990). The support of plasma membranes by the
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membrane skeleton is extensive in the erythrocyte but in
other cells glycoproteins can diffuse over micron dis-
tances before encountering barriers to lateral diffusion
(de Brabander et al., 1991; Edidin et al., 1991). The barriers
to lateral diffusion have not been identified, but when gly-
coproteins become anchored to the cytoskeleton, they are

generally anchored to the actin filaments. Actin is conse-

quently closely apposed to the plasma membrane and may
have an important role in determining the membrane prop-
erties. Because tether formation involves the separation of
membrane from most of the membrane skeleton, there should
be dramatic effects of the actin cytoskeleton on the prob-
ability of tether formation. We will therefore probe the effect
of actin depolymerization on tether formation and tether me-
chanical properties.

Previous work (Ashkin and Dziedzic, 1989: Wayne et al.,
1991) found that the laser trap could produce sufficient force
to pull membranous tethers from cell surfaces. Optical twee-
zers allow exquisitely fine control of position (-10 nm for
trap beam stability) and of forces (-0.1 pN resolution) on a
wide range of particle sizes (25 nm to 25 ,um) in a nonin-
vasive manner (Svoboda and Block, 1994: Kuo and Sheetz,
1992). The laser tweezers were developed for the micro-
scopic manipulation of cells and organelles with a minimum
of damage (Ashkin, 1970; Ashkin and Dziedzic, 1987, 1989;
Ashkin et al., 1987). They have been used for a variety of
applications, including the measurement of membrane bar-
riers (Edidin et al., 1991, 1994), the force of single motor
molecules (Kuo and Sheetz, 1993; Svoboda et al., 1994;
Finer et al., 1994), and regional specializations in cell mem-
branes (Kucik et al., 1991; Schmidt et al., 1994).
We now extend those studies to determine the membrane

mechanical properties from the forces applied to the beads
for different velocities of tether elongation. With nanometer-
level motion analysis, the instantaneous force on the tether
can be measured. In addition, we can evaluate the relative
strength of the membrane-skeleton interaction from the prob-
ability of tether formation at a given force on the bead. We
measured the mechanical properties after treatment by the
cytochalasins, DMSO, ethanol, nocodazole, and ATP deple-
tion. These treatments altered the membrane-cytoskeleton
interaction and affected the membrane mechanical proper-
ties. The method we described here for determining mem-
brane mechanical properties with the laser tweezers can be
generally applied under a variety of different conditions.

MATERIALS AND METHODS
Cell culture

Chick dorsal root ganglion (DRG) explants were dissected from 12-day
chick embryos and plated in the growth wells on treated coverslips. To
prepare the cell growth wells, 20 X 20 mm (No. 1) glass coverslips (BDL,
Lincoln park, NJ) and 10-mm-diameter cloning cylinders (Bellco, Vineland,
NJ) were cleaned by soaking in 20% nitric acid for 2-3 h, followed by
rinsing in distilled water for 1 h. Then they were put into 95% ethanol
overnight and rinsed in distilled water for at least 2 h. After drying and
sterilization, a cloningcylinder was secured to the coverslipwith sterilized
silicone grease to form a growth well. The growth well was coated with

0.01% poly-L-lysine for 15 min at room temperature, rinsed 3 times
with sterilized water, then dried in a sterile hood. Just before the dissection,
poly-L-lysine-coated growth wells were exposed to a 1:50 Matrigel (Col-
laborate Research, Bedford, MA):MEM solution. Explants were maintained
at 37°C, 5% CO2 in clear MEM (Gibco BRL, Grand Island, NY) supple-
mented with the following: 20 mM HEPES, 6 mg/ml glucose, 5 ,d/ml
pen./strep., 2 mM L-glutamine, 10 gl/ml N2 Serum-free supplement
(Gibco), and 10nM/ml nerve growth factor (NGF 2.5s; Gibco). The explants
were used after they were incubated for 24-48 h.

Bead preparation
In previous studies, we observed that covaspheres coated with a control IgG
preparation would bind to growth cone membranes without any apparent
perturbation of growth cone behavior. To prepare IgG-coated beads, rat IgG
(Sigma Chemical Co., St. Louis, MO) was solubilized at a concentration of
10 mg/ml in PBS. Then, 50 ,ulof covaspheres (0.5 ,um, Duke Scientific, Palo
Alto, CA) was added to 50 ,l of the above IgG solution and was incubated
at 4°C overnight. The beads were pelleted by centrifugation at 2000 X g and
4°C for 10 min. Then the beads were resuspended in 1 mg/ml BSA-PBS
solution, rinsed by pelleting and resuspension with MEM medium 3 times
and resuspended in 100 ,ul of MEM medium. For the experiments, the bead
solution was diluted 3:100 in DRG medium.

Calibration of the laser trap
The laser optical trap was calibrated by viscous drag through the aqueous
medium in the microscope focal plane (Kuo and Sheetz, 1993). The viscous
force was generated by oscillatory motion of the specimen by a
piezoceramic-driven stage (Wye Creek Instruments, Federick, MD) at a
constant velocity. The position of the bead in the trap was tracked using the
nanometer-level tracking program (Gelles et al., 1988) to analyze video
records of the experiments. Positional variation of the particle in the trap
with 60 mW was 11 (±1.7) nm. The calibration shows a very linear force-
distance relationship for the optical tweezers (Fig. 1). To study the variation
in trap calibration with height above the coverslip surface, latex beads (0.5
,um in diameter) were trapped with the same laser power at different per-
pendicular positions. The increase in particle displacement at 2 ,um or less
from the glass surface (Fig. 1 B) implies a viscous coupling to the coverslip
surface. From 2-5 ,gm above the surface, the force on the beads in the trap
was constant (Fig. 1 B). This calibration was used to calculate the forces
that form tethers. All of these experiments were performed 3-4 ,um above
the coverslip surface to minimize viscous coupling to the glass surface, and
the laser power was simultaneously monitored.

Laser optical trap manipulations
Just before observation, the cloning cylinder was removed and the coverslip
containing the cells was mounted on an aluminum coverslip holder using
silicone grease; then a second cleaned coverslip was mounted on top to form
a flow cell. The IgG-covered latex beads and the treatment solutions such
as cytochalasins and DMSO were exchanged for the normal medium. The
growth cones were viewed by a video-enhanced differential interference
contrast (DIC) microscope (IM-35 microscope; Zeiss, Oberkochen, Ger-
many) with a fiber optic illuminator. The stage was maintained at 38°C using
an air current incubator.The laser trap consisted of a polarized beam from
an 11W TEMOO-mode near-infrared (1064 nm) laser (model C-95; CVI
Corporation, Albuquerque, NM) that was expanded by a 3 Xbeam expander
(CVI Corporation) then focused through an 80-mm-focal-length achromatic
lens (Melles Griot, Irvine, CA) into the epifluorescence port of the Zeiss
IM-35 microscope (Kuo and Sheetz, 1992). In the binding experiments, the
IgG-covered beads were added by exchange of the cell culture medium. The
bead was trapped with -60 mW of laser power, put on to the cell surface
and held for 4 s before pulling at a constant velocity. To determine the
probability of bound beads forming tethers, the beads were held with the
laser trap on the cell surfacefor 4 s and were pulled out at a velocity of -3
,um/s. We determined that the percentage of tether formation was not altered
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FIGURE 1 Sequence of measurements to calibrate the radial force of the trap. (A) The radial position of the bead (r) in the trap during a series of calibration
displacements. The bead was held with the laser trap -4 ,um above the coverslip surface, and the piezoceramic-driven stage was moved repeatedly at a
constant rate. (B) Calibration of the laser trap at different heights above the glass surface. The displacement procedure in A was repeated for latex beads
(0.5 ,zm in diameter) held at different heights above the coverslip, at constant power. Six beads were tested at each height. The results show that experiments
need to be done at least 2 ,um above the coverslip surface to minimize viscous coupling to the glass surface. (C) Calibration of the laser trap for particles
held -3-4 ,um above the coverslip surface by varying the laser power for a constant velocity of movement. The result is shown as the relationship between
the position of the bead in the trap (r) and the normalized light force FN in pN mW-1, as calculated from Stokes Law and the power of the trap, which was
monitored simultaneously. The slope of the linear fit line is 1.443 (pN xW-1 Am-').

by exposing growth cones to even 10 s of laser irradiation. Beads either
remained at the cell surface or a tether was formed. All of the samples treated
or untreated were manipulated under the same conditions.

Analysis of the mechanical properties of
the membranes

To measure the force of the tether at zero velocity, FO, the position of the
bead in the trap during tether formation was tracked using the nanometer-
scale tracking program that was developed previously (Gelles, 1988), and
the force (F) of the tether on the bead was calculated from the calibration
of the laser trap. After measuring the tether growth rate (V) using a "ruler"
program, a plot F vs. V was obtained. Two methods were used to estimate
the radius of the tether. First, latex beads 0.5 ,um in diameter were used as

a standard in the "ruler" program. From the video tape, we measured the
relative diameter of the tether and then compared with the bead. The other
way was to determine the relative intensity through orthogonal scans across

the DIC image of both the tether and the axon (Schnapp et al., 1988). After
measuring the diameter of the axon with the "ruler" program, we can es-

timate the radius of the tether (the intensity should be related to the radius
squared). The radius of the tether was calculated to be about 0.2 ,Am in both
cases. With increasing velocity, there was no detectable change in tether
contrast. To calculate the membrane surface viscosity, we developed a pro-

gram using the fourth-order Runge Kutta routine to solve the equation (Eq.
21) in Dr. Waugh's paper (Waugh, 1982a) and compared that value with the
formulation described by Hochmuth and colleagues (Hochmuth et al.,
1982a).

RESULTS

Probability of bead binding and tether formation

When the IgG-coated beads were held on the DRG growth
cone surface with the optical tweezers for 4 s, only a fraction
bound to the membrane. Those that did bind to the surface
did so irreversibly and would not release under the conditions
tested. Pulling on beads with the optical tweezers either pro-

duced tubular membrane tethers or the beads were pulled out
of the tweezers. To understand the cellular factors that in-
fluence binding and tether formation, we measured the effect
of the cytochalasins, nocodazole, ATP depletion (Sheetz

et al., 1990), and organic solvents (dimethylsulfoxide
(DMSO) and ethanol) on the probability ofbinding and tether
formation. As shown in Fig. 2, there was no change in
the probability ofbead binding with any of the changes in the
cellular conditions.
We expected that the probability of tether formation would

be related to the cytoskeleton-membrane interaction and that
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FIGURE 2 Bead binding to the surface is measured as the probability of
IgG covered latex beads binding to the chicken DRG growth cone surface
after 4 s using a laser trap of -60mW (laser power measured in the specimen
plane) for a variety of experimental conditions. For the DMSO and ethanol
(EtOH) treatment, DMSO or EtOH was added to the MEM medium, and
the final concentration for DMSO or EtOH is 0.5 and 1%, respectively.
Cytochalasin B and D were diluted into the MEM medium from DMSO
stock solutions to give final concentrations for both Cytochalasin B and D
of 10 ,uM and for DMSO of -0.3%. The nocodazole solution was prepared
by diluting a 10 mM nocodazole stock solution in DMSO to give a 10 jig/ml
solution. For ATP depletion, a solution of 2-deoxyglucose (30 mM) and
sodium azide (10 mM) in the cell medium was used, and the growth cones

assayed showed no motility. All of these treatment solutions were added to
the cells by exchange flow, and the cells were incubated for 10 min before
starting the measurements. For each experiment, 70 beads were studied.
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the probability of tether formation would increase with the
force of the tweezers (as was observed). On a related issue,
those particles that did not form tethers normally did not
diffuse after escaping from the trap, indicating that they were
attached to the cytoskeleton. Because most factors were
likely to decrease the affinity of the two structures, we chose
a relatively low force (- 10 pN) where only 36% of the beads
would form tethers (Fig. 3). Cytochalasin B and D are known
to inhibit actin dynamics within growth cones and cells, re-
sulting in a condensation of the actin network and separation
of the actin cytoskeleton from much of the membrane. Both
cytochalasins increased the probability of tether formation to
greater than 90%. Controls of the solvent (DMSO) used for
adding the cytochalasins (0.25% solvent) also showed some
increase, but 0.5% DMSO only increased the probability of
tether formation to 55% (Fig. 3). Both the disruption of mi-
crotubules by nocodazole and the block of motility by ATP
depletion caused no change in tether formation. Thus,
changes in the organization of the actin cytoskeleton, but not
microtubules orATP levels, produced an increase in the abil-
ity to form tethers.

Static tether force (FO)
After tethers are formed on DRG growth cones, they rapidly
retract when the tweezers are turned off, indicating that a

significant force is pulling the tether membrane back onto the
growth cone. Photographs of the tether-pulling sequence are

shown in Fig. 4, including bead binding to the cell surface
in the trap, pulling the tether at a constant rate with the laser
trap, and the complete retraction of the tether when the twee-
zers were turned off. We can utilize the measured displace-
ment of the bead in the trap to estimate the force of the tether
on the bead (Fig. 5 A). The tether force increases only slightly
with the tether length in other systems where it has been
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FIGURE 3 The probability of tether formation for the beads attached to
the cell surface. The beads were pulled using the laser trap (60 mW) and
at a constant velocity (3 ,um/s). The treatments are the same as described
in Fig. 2. For each experiment, 50 beads were studied.

FIGURE 4 Photomicrographs of the tether-pulling sequence. (1) Bead
was held on the growth cone surface by the laser trap. (2 and 3) The tether
was pulled at a constant velocity by the laser trap. (4) The complete re-
traction of the tether when the laser trap was turned off.

tested (D. B. Wayne, S. C. Kuo, and M. P. Sheetz, unpub-
lished data). The average tether length in the experiments
was around 15 ,um. Rather we have measured the change in
the tether force with the velocity of tether elongation and
extrapolated to zero velocity to obtain a critical force, Fo,
which must be exceeded for tether growth. Where we tested
it, the Fo estimated from extrapolation to zero velocity was
within experimental error of the value obtained in static mea-
surements of the tether force.

Fig. 5 A shows the distance between the center of the bead
and the center of the laser trap after the initial extension and
then during a constant velocity elongation. In about 10 per-
cent of the cases, the force peaked at the start of the elon-
gation and then returned to a plateau level. For these studies
we estimated the average plateau level for the force meas-

urement. After plotting the force (F) forming the tether vs.
the tether growth rate (V), we performed a linear least-
squares fit and extrapolated to V = 0 to obtain Fo (Fig. 5 B).
The measurements for Fig. 5 were all made with different
tethers that were formed on many different growth cones.
For the control sample, we also measured the displace-
ment of the beads at zero velocity and obtained an average

value of this force of 5.0 (± 1.5) pN, which is in agreement
with the estimation of Fo from the F vs. V plot of 6.6
0.3 (N = 3) pN.

1

2

3

e

4

Dai and Sheetz 991



Volume 68 March 1995

0

25.1

0

§ l

4at

~Ve, 4£t,,9,,^, .
40 80 120 160

FRAME

I, ...I..

200 240 280

1 2 3
V (um/sec)

4 5

A
10.00 - . |

8.00r
...6.00-
z
0.

0
U. 4.00-

2.00-

n

6

FIGURE 5 (A) The position of the bead in the trap (r) with time during
the tether formation. After the bead was trapped, it was first held on the cell
surface for -5 s and then pulled out at a constant velocity, forming a tether.
This tether length is -14 ,tm. (B) Determination of the force (Fo) at zero

velocity of tether growth from plotting F vs. tether growth rate (V). Fo =
6.72 pN was obtained at V = 0 from a linear least-squares fit of the data
points (slope of the plot = 1.51).
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Because Fo should reflect components of the in-plane ten-
sion of the plasma membrane and membrane bending rigid-
ity, we expected that changes in the cellular organization
should alter Fo. When the growth cones were treated by cyto-
chalasin B and D, ethanol, and DMSO, Fo went from 6.7 pN
down to -3 pN in the presence of DMSO and to -4 pN in
the presence of cytochalasins and ethanol (Fig. 6 A). How-
ever, Fo was not affected by nocodazole or ATP depletion.
These results are similar to the probability of tether formation
and suggest that the cytoskeleton plays a major role in de-
termining the force needed to extend filopodia and tethers.

Viscous forces in tethers

As the velocity of tether elongation was increased, there was
a linear increase in the force of the tether on the bead from
the viscous components of membrane movement into the
tether. There are several different analyses of the viscous
components that contribute to the overall viscous force. Con-
tributions could come from curving the membrane and the
resulting interbilayer shear, from the bilayer viscosity, and
from the drag of moving membrane past the associated cyto-

FIGURE 6 (A) The critical force (FO) of the growth cones before and after
various treatments. The treatment protocols are described in Fig. 2. (B) The
slope derived from a linear least-squares fit of the tether growth rate vs. the
force of tether formation. The coefficient of the correlation in each experi-
ment in Fig. 6 is given below: (from control to nocozadole) 0.84, 0.81, 0.86,
0.82, 0.71, 0.89, 0.76, 0.66, and 0.60, respectively.

skeleton. Waugh's equation (Waugh, 1982a) allows us to
estimate an apparent membrane viscosity neglecting contri-
butions of the viscous shear between the cell membrane and
cytoskeleton and the slip between halves of the bilayer (Fig.
7). Alternate methods of calculating the membrane viscosity
include other viscous terms and, therefore, this value rep-

resents an upper limit of the membrane viscosity.
There were surprisingly large decreases in the slope with

cytochalasin B and D, DMSO, and ATP depletion. The pat-
tern of the viscosity changes with these treatments was not
the same as changes in Fo. The greatest difference was with
ATP depletion. Compared with the control sample, Fo is a

little bit bigger but the slope is about 3 times smaller after
the ATP depletion (Fig. 6 B). Thus, the viscous properties of
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FIGURE 7 The apparent membrane surface viscosity of the growth cones
before and after the treatments. The viscosity was estimated following Eq.
21 in Waugh (1982).

the growth cone membranes are dramatically altered by
metabolic and cytoskeletal changes.

DISCUSSION

The optical tweezers have been proven useful for a number
of studies of motor function and a wide variety of biological
experiments (Kuo and Sheetz, 1992, 1993; Svoboda and
Block, 1994; Finer et al., 1994). Here we show that they can
be used to provide a relative measure of membrane-
cytoskeleton attachment and the mechanical properties of
membranes. The limitation of the tweezers is photodamage,
and we have been concerned that photodamage may influ-
ence the values obtained. From our experience with DRG
growth cones, there is no observable change in growth cone
behavior at these trap levels, whereas at higher irradiation
levels (>200 mW) we do observe loss of filopodia and a
general inhibition of motility. An additional problem is the
potential for forming tethers without beads, but such tethers
are notably different in that they contain a bulb of cytoplasm
at the end (Ashkin and Dziedzic, 1989). Further, without
beads we were unable to form tethers at the laser powers
used. The trap could exert some force directly on the tether,
but it is considerably smaller in diameter (-200 nm vs. 500
nm for the bead) and further separated from the trap center,
which makes it unlikely that the direct force on the tether is
more than 20% of that on the bead. For comparing the relative
forces under different cellular conditions, the optical tweezers
provides self-consistent measurements, and the measured forces
represent a lower bound for the actual values.

Membrane-cytoskeleton attachment
The exact nature of the linkages between membranes and the
cytoskeleton are still ambiguous, although two general types
of linkage have been considered. In one case, attachments
would arise from transmembrane glycoproteins that are ul-

toskeletally linked proteins such as spectrin could weakly
associate with the bilayer surface and, because such proteins
are in an extended configuration and part of larger com-
plexes, the sum of the many weak interactions would form
a strong linkage. In macroscopic terms, the difference here
is similar to that between a soap membrane covering but only
tied at a few discreet points to a rigid structural net and a soap
film spread across that same net where it is adsorbed to el-
ements of the net. In the first instance, the disruption of the
structural net (most likely actin-based) would make it easier
to separate the membrane from the net; but the force, F0,
needed to hold the membrane off the net should not change.
In the second case, alteration of the net should affect both the
ease of separation of the membrane from the net; and because
the membrane-net association is reversible, it should also
affect the force, Fo, needed to hold the two structures apart.
We find that both the percent tether formation and Fo are
altered in parallel, which is most consistent with the latter
hypothesis, namely, that the attachments that prevent tether
formation are reversible and contribute to the tension in the
tether or Fo.

There are several other reasons to believe that the mem-
brane is not extensively tied to the cytoskeleton by strong
contacts. Recent estimates of the mechanical force required
to break apart a protein-protein interaction with a 10' as-
sociation constant are large, in the range of 10 pN (Kuo and
Lauffenburger, 1993). Breaking of such interactions would
result in a dramatic decrease in the force on the bead. Al-
though jumps are seen occasionally at the start of tether for-
mation, they are small in magnitude, 6-10 pN, and are only
seen in - 10% of tethers formed. From many previous studies
of the diffusion of particles on the surface of growth cones
and motile cells, barriers to lateral diffusion are spaced over
micron distances (de Brabander et al., 1991; Edidin et al.,
1991). We might expect a similar separation between the
structural links that would hold the membrane and cytoskele-
ton together. Thus, with 0.5 micron beads, bound beads
should be able to fit within the gaps in the network and tethers
could be formed by pulling on those beads without breaking
strong membrane-cytoskeletal linkages.

Previous studies have indicated that the probability of
tether formation is inversely related to the membrane-
cytoskeleton interaction (Schmidt et al., 1993). We know that
both cytochalasins B or D can affect the network of actin
filaments in the cell, although there is some small difference
between them (Edds, 1993). DMSO can also affect the ar-
rangement of cytoskeleton (Yumura and Fukui, 1983;
Weiner et al., 1993). It has been reported that ethanol can
influence cell migration and invasion in vitro as well as
F-actin organization, and it can affect the membrane con-
formation and structure (Weiss et al., 1991; Mooradian and
Smith, 1993; Staler et al., 1993; Ho et al., 1994). Therefore,
a possible explanation for the above result is that the cy-
tochalasins and DMSO will decrease the membrane-
cytoskeleton interaction through rearrangements of the actin
cytoskeleton and thereby increase the probability of tether

timately linked to actin-binding proteins. Alternatively, cy-
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formation for a given force. On the other hand, DMSO, like
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ethanol, might indirectly affect membrane mechanics
through an alteration in the interfacial interaction energy be-
tween the membrane and an otherwise normal actin cyto-
skeleton. The microtubule (MT) organization in cells appears
to have no affect on the membrane-cytoskeleton interaction
(Wang et al., 1993) as does ATP depletion. In other growth
cones, ATP depletion inhibits the particle movement on the
membrane (Sheetz et al., 1990). General alteration in
the organization of the actin cytoskeleton is linked to parallel
changes in the probability of tether formation and Fo. We
suggest that the membrane interaction with the cytoskeleton
is through reversible, weak bonds and not through strong
protein-protein bonds.

Fo ofgrowth cone membranes (-6.7 pN) is much less than
that of erythrocyte membranes, which is about 50 pN
(Waugh and Bauserman, 1995, in press). The larger mem-
brane tension of the preswollen red cells might contribute the
larger Fo. There is an extensive interaction between the red
cell spectrin-actin network and the membrane bilayer that
possibly accounts for the major portion of the force required
for tether extension. By implication, a similar network may
be associated with the growth cone plasma membrane. In
comparison with the forces that myosin motors or actin po-
lymerization can develop, the force for extension is compa-
rable with two myosin molecules or one actin filament, in-
dicating that either mechanism could generate sufficient
force to produce extension (Sheetz, 1994). In addition to
binding force between membrane and cytoskeleton, other
factors that contribute to the force required for tether for-
mation include the membrane bending stiffness and the in-
plane membrane tension (Hochmuth, personal communica-
tion). The bending stiffness of the membrane plays an
important role in processes because of the major changes in
membrane curvature. To estimate the membrane bending
stiffness, an equation developed by Waugh and Hochmuth
(1987) can be used. In this case, if we assume that the force
(F) forming the tether is 8 pN, the radius (r,) of the tether
is 0.2 ,um, then the bending stiffness (B) = F X r/2w =
2.55 X 10-12 dyne cm. The growth cone membrane bending
stiffness is similar to that of the lipid bilayer membranes
--1.0-2.5 X 10-'2 dyne cm. (BO and Waugh, 1989) and
erythrocyte membranes (Evans, 1983). Because the bending
stiffness of the bilayer should not change with cytochalasin
B or D, we suggest that the reversible membrane cytoskele-
ton associations or possibly in-plane tension is decreased
by these treatments.

Membrane surface viscosity

The viscoelastic properties of the membrane could contribute
to the control of growth and extension rates, but these data
indicate that viscous forces are too small at typical extension
velocities (maximally 0.03-0.25 ,um/s) to cause a significant
effect. Although there are potentially several factors con-
tributing to the viscoelastic force, we have used Eq. 21 in
Waugh's paper (Waugh, 1982a) to estimate the membrane

of the whole neuron cell, the ratio of the radius of the tether
(r) (-0.2 ,um) to the radius of the cell (rc) or (rl/rc) is very
small (<1/50). Following Waugh, the value of F/Fo can be
used directly to calculate membrane surface viscosity
(Waugh, 1982a), which is about 2.1 X 10' dyn s/cm (Fig.
7). In these studies, the apparent viscosity ranged from
0.56 X 10-4 to 4.2 X 10-4 dyn s/cm. This value is much
smaller than that Hochmuth obtained for erythrocyte mem-
branes (2.8 X 10' dyn s/cm) and is greater, perhaps very
significantly, than that reported for egg phosphatidylcholine
large bilayer vesicle membranes (-1.7 X 10-4-5.0 X 10-6
dyn s/cm) (Hochmuth et al., 1982b; Waugh, 1982b).
Which of the factors, including the slippage of membrane

layers in moving to a highly curved surface, the planar mem-
brane viscosity, and glycoprotein collisions with the cyto-
skeleton, makes the major contribution to the viscosity dur-
ing extension flow is unclear. Evans suggested that the slope
of the linear fit of the tether growth rate (V) vs. the force (F)
forming tethers should be related to the friction in the slip-
ping of the bilayers past one another as the bilayer moves
from the flat membrane surface to the highly curved tether
(E. A. Evans, Personal communications). Because we see a
major effect ofthe cytochalasins on viscosity and they should
have little effect on the interface between the two bilayer
halves, we consider that this factor makes only a small con-
tribution to the control of membrane viscosity. There is a
large difference between the viscosity of the neuronal mem-
brane and the liposome or red cell membranes using the same
formula. Current models of membrane viscosity are being
challenged because they lack terms to consider the slippage
between the two bilayer halves and cytoskeletal contribu-
tions; thus, better models of this system are needed to provide
testable hypotheses. It is somewhat surprising to find such
large changes in the viscosity with alteration of cell cyto-
skeleton and particularly with ATP depletion.

Axon elongation and tether formation

An interesting question in axon elongation is: where does the
axon membrane come from? In these studies, we are forming
tethers at a very rapid rate and lipid is flowing onto the tether
at 10-100 times the rate that membrane moves into axons

(typical axon elongation rates are 1-4 ,um/min, and diam-
eters are typically 1 micron, whereas we are pulling tethers
of 0.4 micron at rates of60-600 gm/min). Because the forces
needed to produce such rapid extensions are considerably
less than those developed by growth cones moving on normal
substrata, it should be no problem for growth cones to pull
membrane from the cell body and no need to invoke addition
at the growth cone (Bray and Chapman, 1985; Popov et al.,
1993). In the studies of erythrocyte membranes and liposome
membranes, the membranes forming tethers were all from
the surface membranes, but in active growth cones, some of
the membrane might come from the cell body or from in-
ternal membrane vesicles. We consider this last possibility
less likely because normally endocytosis and exocytosis are

viscosity. Because the growth cone is only a very small part
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balanced and we are pulling at such a high rate that we would
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not expect acute adaptation by membrane fusion. Rather,
there appears to be a reservoir of membrane that the tethers
draw upon either through alteration of the growth cone ge-
ometry or from stretching the membrane.

There are a number of biological processes for which
tether data are relevant, including cell migration, cell vol-
ume, and membrane area regulation. The probability of tether
formation relates to the ability of the cells to migrate because
the release of cell contacts in the rear of the cell often in-
volves formation of retraction fibers, i.e., tethers (Schmidt
et al., 1993). How the cell regulates its surface area and the
related parameter of cell volume may well involve an in-
plane membrane tension that would regulate endocytic ver-
sus exocytic rates. Clearly, cytoskeletal factors do affect the
physical parameters of tether formation, implying that they
are important for cellular functions.

SUMMARY

Growth cone migration is accompanied by dramatic mor-
phological changes and an extension of the axonal mem-
brane. From our analyses of the mechanical properties of
the membranes, we find that the forces generated by the
membrane are on the order of those generated by a few myo-
sin motors or actin polymerization or from the breaking
of weak protein-protein interactions. Because membrane-
cytoskeleton interactions influence the probability of tether
formation and the critical force required to extend a mem-
brane tether, we suggest that the interactions between the
membrane and the skeleton are weak and reversible, al-
though pointwise strong interactions cannot be excluded.
The viscous properties of the tethers show a strong depen-
dence on solvents and ATP depletion that are not understood.
Thus, we find that the laser tweezers can be used to assay the
strength of the interaction between the cytoskeleton and the
membrane bilayer that in turn can influence cell migratory
behavior.
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